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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 



Length. 
Timc__. 
Force__ 



Symbol 



I 
t 

F 



Metric 



Unit 



meter 

second — 

weight of 1 kilogram. 



Symbol 



m 

s 

kg 



English 



Unit 



foot (or mile) 

second (or hour) __ 
weight of 1 pound. 



Symbol 



ft. (or mi.) 
sec. (or hr.) 
lb. 



Power. 
Speed. 



kg/m/s. 
fkm/h_. 
lm/s 



k.p.h. 
m.p.s. 



horsepower. 

mi./hr 

ft./sec 



hp. 

m.p.h. 
f.p.s. 



=9.80665 



W, Weight = mg 

g, Standard acceleration of gravity 
m/s 2 = 32.1740 ft./sec. 2 
W 

m, Mass = — 
9 

p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m~ 4 

s 2 ) at 15° C. and 760 mm = 0.002378 

,(lb.-ft.- 4 sec. 2 ). 
Specific weight of "standard" air, 1.2255 

kg/m 3 = 0.07651 lb./ft. 3 . 



2. GENERAL SYMBOLS, ETC. 

mk 2 , Moment of inertia (indicate axis of the 
radius of gyration k, by proper sub- 
script). 
Area. 

Wing area, etc. 
Gap. 
Span. 
Chord. 



S w , 
G, 
h, 
c, 
b 2 

w 



True air speed. 



Dynamic (or impact) pressure = ^ pV 2 . 
Lift, absolute coefficient C L = ^ 
Drag, absolute coefficient @d = ^i 



v, 

2. 
L, 
D, 

D 0 , Profile drag, absolute coefficient C Do = —^ 

Di, Induced drag, absolute coefficient C Di = ^ 

Parasite drag, absolute coefficient C Dp = ^^ 
Cross-wind force, absolute coefficient 

Resultant force. 

Angle of setting of wings (relative to 

thrust line). 
Angle of stabilizer setting (relative to 
thrust line). 



Aspect ratio, 
/x, Coefficient of viscosity. 
3. AERODYNAMICAL SYMBOLS 

Q, Resultant moment. 



Q, 
VI 

P 



Resultant angular velocity. 



C, 



B, 

I'M) 



Reynolds Number, where I is a linear 

dimension, 
e. g., for a model airfoil 3 in. chord, 100 
mi./hr. normal pressure, at 15° C, the 
corresponding number is 234,000; 
or for a model of 10 cm chord 40 m/s, 
the corresponding number is 274,000. 
Center of pressure coefficient (ratio of 
distance of c. p. from leading edge to 
chord length). 
Angle of attack. 
Angle of downwash. 
Angle of attack, infinite aspect ratio. 
Angle of attack, induced. 
a oy Angle of attack, absolute. 

(Measured from zero lift position.) 
7 Flight path angle, 



Cti, 



REPORT No. 471 



PERFORMANCE OF A 
FUEL-INJECTION SPARK-IGNITION ENGINE 
USING A HYDROGENATED SAFETY FUEL 

By OSCAR W. SCHEY and ALFRED W. YOUNG 
Langley Memorial Aeronautical Laboratory 



725—33 



I 



NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

NAVY BUILDING, WASHINGTON, D.C. 



(An independent Government establishment, created by act of Congress approved March 3, 1915, for the supervision and direction of the scientific 
study of the problems of flight. Its membership was increased to 15 by act approved March 2, 1929 (Public, No. 908, 70th Congress). It consists 
of members who are appointed by the President, all of whom serve as such without compensation.) 



Joseph S. Ames, Ph.D., Chairman, 

President, Johns Hopkins University, Baltimore, Md. 
David W. Taylor, D. Eng., Vice Chairman, 

Washington, D.C. 
Charles G. Abbot, Sc.D., 

Secretary, Smithsonian Institution, Washington, D.C. 
Lyman J. Briggs, Ph.D., 

Director, Bureau of Standards, Washington, D.C. 
Arthur B. Cook, Captain, United States Navy, 

Assistant Chief, Bureau of Aeronautics, Navy Department, Washington, D.C. 
William F. Durand, Ph.D., 

Professor Emeritus of Mechanical Engineering, Stanford University, California. 
Benjamin D. Foulois, Major General, United States Army, 

Chief of Air Corps, War Department, Washington, D.C. 
Harry F. Guggenheim, M.A., 

Port Washington, Long Island, New York. 
Ernest J. King, Rear Admiral, United States Navy, 

Chief, Bureau of Aeronautics, Navy Department, Washington, D.C. 
Charles A. Lindbergh, LL.D., 

New York City. 
William P. MacCracken, Jr., Ph.B., 

Washington, D.C. 
Charles F. Marvin, Sc.D., 

Chief, United States Weather Bureau, Washington, D.C. 
Henry C. Pratt, Brigadier General, United States Army. 

Chief, Materiel Division, Air Corps, Wright Field, Dayton, Ohio. 
Edward P. Warner, M.S., 

Editor "Aviation," New York City. 
Orville Wright, Sc.D., 

Dayton, Ohio. 



George W. Lewis, Director of Aeronautical Research. 
John F. Victory, Secretary. 
Henry J. E. Reid, Engineer in Charge, Langley Memorial Aeronautical Laboratory, Langlcy Fields Va. 
John J. Ide, Technical Assistant in Europe, Paris, France. 



EXECUTIVE COMMITTEE 



Joseph S. Ames, Chairman. 
David W. Taylor, Vice Chairman. 



Charles G. Abbot. 
Lyman J. Briggs. 
Arthur B. Cook. 



William P. MacCracken, Jr. 
Charles F. Marvin. 
Henry C. Pratt. 
Edward P. Warner. 
Orville Wright. 



Benjamin D. Foulois. 
Ernest J. King. 
Charles A. Lindbergh 



John F. Victory, Secretary. 



2 



REPORT No. 471 



PERFORMANCE OF A FUEL-INJECTION SPARK-IGNITION ENGINE USING A 

HYDROGENATED SAFETY FUEL 

By Oscar W. Schey and Alfred W. Young 



SUMMARY 

This report presents the performance of a single- 
cylinder test engine using a hydrogenated safety fuel. 
The safety fuel has a flash point of 125° F. {Cleveland 
open-cup method), which is high enough to remove most 
of the fire hazard, and an octane number of 95, which 
permits higher compression ratios to be used than are 
permissible with most undoped gasolines. The fuel 
was injected into the engine cylinder, except for a few 
comparative runs with gasoline, when a carburetor was 
used. The tests were made with compression ratios of 
5.85 and 7.0, valve timings giving 30° and 180° overlap, 
inlet pressures from atmospheric to 6 inches of mercury 
boost, and engine speeds from 1,250 to 2,200 r.p.m. 
Under similar conditions the power obtained with the 
safety fuel was the same as that obtained with gasoline, 
whereas the fuel consumption was from 5 to 10 percent 
higher. With a compression ratio of 7.0, a valve overlap 
of 130 crankshaft degrees, and a boost pressure of 2 
inches of mercury, the safety fuel gave a brake mean 
effective pressure of 175 pounds per square inch with a 
fuel consumption of 0.50 pound per brake horsepower 
hour. 

INTRODUCTION 

The importance of replacing gasoline with a fuel 
that would reduce or eliminate the fire hazard in air- 
craft has long been recognized. The use of gasoline 
is a fire hazard because inflammable vapors are given 
off in nearly all climates and seasons. Aviation gaso- 
line has a flash point of about —30° F. Those 
acquainted with the problem of fire prevention in air- 
planes agree that the highly inflammable gasoline 
should be replaced by a fuel having a higher flash 
point, preferably over 105° F. as determined by the 
closed-cup method. 

One of the advantages of the compression-ignition 
engine is that it uses a fuel of such a high flash point 
(approximately 175° F.) that no inflammable vapors 
are given off even in the warmest climate. Aircraft- 
engine operators, however, have considered the advan- 
tage of reducing the fire hazard by using compression- 
ignition engines to be insufficient to offset the dis- 
advantage of the decreased power per unit of weight 
and displacement obtained with this type engine. 



In France, Sabatier has reported an investigation on 
the use of fuels having flash points of 100° F. and 77° 
F., obtained from coal-tar and petroleum derivatives, 
respectively (reference 1). The commercial use of 
these fuels was restricted, if not entirely prevented, 
by their poor performance as compared with gasoline: 
the power was reduced, the fuel consumption was 
increased, starting was difficult, and increased heating 
of the carburetor was necessary. 

The National Advisory Committee for Aeronautics 
has conducted tests with safety fuels manufactured 
by the hydrogenation process (reference 2). Because 
of the low volatility of the fuel it has been injected 
into the engine cylinder instead of being introduced 
through a carburetor. The first fuel investigated had 
a Hash point of 137° F. as determined by the Cleve- 
land open-cup method. The full-throttle power 
obtained with this fuel was lower than with gasoline, 
and the fuel consumption was considerably higher. 
The second fuel tested had a flash point of 115° F. 
With this fuel the power was as high as that with 
gasoline, but the fuel consumption was from 25 to 30 
percent higher (reference 3). 

The results obtained from an investigation con- 
ducted with a third fuel, which had a flash point of 
125° F., are presented in this report. The object of 
this investigation was to determine the performance 
obtained with a spark-ignition engine when operating 
with a hydrogenated safety fuel injected into the 
engine cylinder. As a basis for comparison the per- 
formance was obtained for several comparable condi- 
tions with gasoline. The tests were conducted at 
Langley Field, Va., in December 1932 and January 
urn. 

APPARATUS AND METHOD 

Figure 1 shows the set-up of the test equipment. A 
single-cylinder 4-stroke-cycle water-cooled test engine 
of .V.j -in ch bore and 6-inch stroke was used. The en- 
gine could be operated with either a fuel-injection 
system or a carburetor. A commercial fuel-injection 
pump was driven from the engine crankshaft through 
a reduction gear which permitted the phase of the in- 
jection to be changed at will. A spring-loaded auto- 
matic injection valve and a multi-orifice nozzle of 
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N.A.C.A. design were used (fig. 2). When the injec- 
tion system was used the carburetor was left in place 
and the throttle valves were used to control the air 
supply for starting. 

The engine was directly connected to an electric 
dynamometer. A small weighing tank suspended from 
a sensitive beam balance was used to measure the fuel 
during a run, the length of the run being the time re- 
quired !o consume one-half pound of fuel. The engine 
coolant was piped to a radiator, which was cooled by 



valve location gave the best performance; however, 
the performance was only slightly better than with 
the valve located in the center hole. Two spark plugs 
were located in opposite sides of (lie combustion cham- 
ber. 

Two different pistons and two different sets of valve 
cams were used. These pistons gave compression 
ratios of 5.85 and 7.0. The set of cams that gave nor- 
mal valve timing caused the inlet valves to open 15° 
before top center and close 55° after bottom center, 




Figure 1.— Set-up of test equipment. 



a water spray when necessary. The small volume of 
liquid necessary to till this cooling system made it 
feasible bo use Prestone and operate at high coolant 
temperatures when desired. Temperatures up to 280° 
F. at the engine outlet could be obtained. 

This engine has a pent-roof form of combustion 
chamber, with two inlet and two exhaust valves (fig. 
3). The inlet-valve ports are 1% inches and the ex- 
haust-valve ports 1% inches in diameter, lucre are 
five tapped holes in the head, permitting some choice 
in locating the spark plugs and injection valve. The 
injection valve was located between the exhaust valves, 
and directed the spray horizontally across the combus- 
tion chamber toward the inlet valves. This injection- 



while the exhaust valves opened 55° before bottom 
center and closed 15° after top center. The other set 
of cams did not change the events at the bottom of the 
stroke, except to advance the inlet closing 10°, but 
caused the inlet valves to open 70° before top center 
and the exhaust valves to close 60° after top center. 
This valve timing results in an overlap of the open 
periods of the exhaust and inlet valves of L30°, giving 
improved scavenging of the clearance volume, par- 
ticularly when some boosting is used (reference 4). 
Figure 4 show's the amount of valve opening during 
the period of overlap. A separately driven Roots 
blower was connected to the inlet system through a 
large surge tank placed near the carburetor. 
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The results obtained from runs in which the length 
of the exhaust pipe was varied caused the adoption of 
a length of 2 feet for these tests. Shorter pipes caused 
lower torque at all speeds and more variation of torque 
over the useful speed range, unless boosting was used. 
The length of inlet pipe to the point of attachment at 
the surge tank was 2% feet, but this length was not 
critical. With a large valve overlap the effect of 
pressure waves in the exhaust and inlet pipes becomes 
negligible when a supercharging pressure of several 
inches of mercury is used. 

The engine performance with the hydrogenated 
safety fuel using fuel Injection was obtained for speeds 




Enlarged section 
of nozzle 



Fi'ii'HK 2. - Fuel-injection valve and nozzle. 

from 1,250 to 2,200 r.p.m., compression ratios of 5.85 
and 7.0, valve timings giving 30° overlap and 130° 
overlap, and boost pressures up to 6 inches of mercury. 
A sufficient number of these tests using fuel injection 
were repeated with aviation gasoline as fuel to furnish 
a reliable comparison of the safety fuel and the gaso- 
line. A few runs were made with gasoline using the 
carburetor. 

The procedure for each test condition was to make 
three or four full-throttle runs using fuel quantities 
that gave mixtures ranging from one richer than neces- 
sary for maximum power to a very lean one. The 
engine torque and fuel consumption were measured for 
each run. The brake power was corrected to an at- 
mospheric pressure of 29.92 inches of mercury and a 

71'5— 33 2 



temporal ure of 59° F. on the assumption thai it varied 
directly as the pressure and inversely as the square 
root of the absolute temperature. No correction was 
made for humidity or for the power required to drive 



A, Exhausf 

B, Location of fuel 
in jec tion vol ve 

C, Piston 70 c.r 



D, Inlet 

E, Piston 5.85 c.r 
F t Location of 

spark plug 




Fkh'kk 3. — Combustion chamber form. 

the supercharger. The correction for power required 
to drive the supercharger, when used, would not be 
over 3 percent of the engine power at 6 inches of 
mercury boost pressure. 

Some additional data were obtained with special 
equipment. Where maximum cylinder pressures were 
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Figure 4.— Valve motion with normal valve timing and with 130° overlap. 

taken a trapped-pressure valve was used. A reduced 
back pressure on the exhaust of the engine was ob- 
tained for a few tests by discharging the exhaust into a 
large tank, the outlet of which was connected to the 
section side of a supercharger. With the same equip- 
ment the outlet of the tank was throttled to produce 
increased exhaust back pressure. Data on the charac- 
teristics of the fuel-injection system were obtained 
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with the N.A.C.A. rate-of-discharge apparatus, which 
is described in reference 5. 

FUELS 

Distillation curves for the gasoline and the hydrog- 
enated safety fuel are given in figure 5. The flash 
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Figure 5.— Distillation curves for the gasoline and safety fuel. 



point of gasoline is below ordinary atmospheric tem- 
peratures even in winter, while that of the safety fuel 
(125° F. by the Cleveland open-cup method or 106° F. 
by the Abel closed-cup method) is well above the 
highest operating temperatures usually encountered. 
Besides reduced fire hazard, the hydrogenated safety 
fuel has excellent antidetonating qualities, so that the 
fuel may be used at high compression ratios without 
the use of fuel dopes such as tetraethyl lead. The 
hydrogenated safety fuel has an octane number of 95 
as determined by the manufacturer using a series 30 
Ethyl Gasoline Corporation test engine operated at a 
speed of 600 r.p.m. and with a coolant temperature of 
300° F. Sufficient ethyl fluid was added to the avia- 
tion gasoline to prevent detonation under any of the 
test conditions, thereby placing the engine performance 
with the two fuels on a comparative basis that is 
independent of antiknock characteristics. A study of 
the behavior of the hydrogenated fuel at low tempera- 
tures showed satisfactory characteristics. At a tem- 
perature of --25° F. a few solid particles appeared in 
the fuel, but at temperatures as low as — 100° F. there 
was no tendency for all of the fuel to solidify. 

RESULTS AND DISCUSSION 

EFFECT ON BRAKE MEAN EFFECTIVE PRESSURE AND FUEL 
CONSUMPTION 

Compression ratio, scavenging, fuel, and fuel sys- 
tem. — Figure 6 presents the eomparative performance 
obtained at a compression ratio of 5.85 with gasoline 
and safety fuel and with the fuel-injection system and 
the carburetor. The performance curves with gasoline 
show that the maximum brake mean effective pressure 
obtained with the fuel-injection system is greater than 



that obtained with the carburetor. The difference in 
brake mean effective pressure decreases as the quantity 
of fuel per cycle is decreased, indicating that the volu- 
metric efficiency was probably slightly higher with 
the use of injection into tlx 4 cylinder than with the use 
of the carburetor. 

In most of these tests no air measurements were made 
because the use of the air-measuring system caused a 
small reduction in power. A few runs were made, 
however, in which measurements of air consumption 
were obtained. The first set of these air measurements 
was made to determine the difference in volumetric 
efficiency obtained when operating with the fuel-injec- 
tion system and when operating with the carburetor. 
The results showed that the volumetric efficiency was 
from 1 to 3 percent higher with the injection system 
than with tin 1 carburetor, depending on the engine 
speed. As the carburetor was left in place when oper- 
ating with the injection system, any gain in volumetric 
efficiency must be attributed to the difference between 
externa] and internal carburetion. 

A comparison of the brake mean effective pressure 
and the economy obtained with safety fuel and gasoline 
when operating with the fuel-injection system shows 
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FlGUBE 6.— B.m.e.p. and fuel consumption obtained when operating at a com- 
pression ratio of 5.85 and an engine speed of 1,750 r.p.m. with gasoline and with 
safety fuel. 

that the maximum power is the same for the two fuels, 
and that the fuel consumption is 5 to 10 percent lower 
with gasoline. 

There were more exhaust odors and fumes present 
when operating with the safety fuel than when oper- 
ating with the gasoline. However, the exhaust fumes 
were not so noticeable that the operating conditions 
could be considered disagreeable or unsatisfactory. 
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The results that have been discussed so far are for 
standard valve-timing conditions. In figure 6 there 
are also shown performance curves for valve timing 
giving 130 crankshaft degrees overlap. When oper- 
ating with atmospheric pressure at the intake with this 
valve overlap a maximum brake mean effective pressure 
of 145 pounds per square inch is obtained and when 
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Figure 7.— B.m.e.p. and fuel consumption obtained when operating at a com- 
pression ratio of 7.0 and an engine speed of 1,750 r.p.rn. with gasoline and with 
safety fuel. 

operating with 2 inches of mercury boost pressure a 
maximum brake mean effective pressure of 170 pounds 
per square inch is obtained. The large increase in 
maximum brake mean effective pressure obtained with 
a small boost pressure is caused principally by the 
scavenging of the clearance volume. In these tests 
with safety fuel at a compression ratio of 5.85 there was 
a small increase in fuel consumption for the scavenged 
condition, whereas in earlier tests with gasoline on 
another engine there was a slight decrease in fuel con- 
sumption when scavenging (reference 4). 

The curves in figure 7 for a compression ratio of 
7.0 and no boost pressure show that with safety fuel 
the brake mean effective pressure is approximately 10 
pounds per square inch greater and the specific fuel 
consumption is 7 to 8 percent lower than for the 5.85 
compression ratio. The compression ratio could prob- 
ably be further increased without the addition of fuel 
dope to the safety fuel, for there was no indication of 
detonation in these tests. When operating with a 
valve overlap of 130 crankshaft degrees and 2 inches of 
mercury boost, a brake mean effective pressure of 175 
pounds per square inch was obtained with a fuel con- 
sumption of 0.50 pound per brake horsepower hour. 
The specific fuel consumption was the same for the 



scavenged condition as for the condition with no 
scavenging. 

In the comparison of the curves for these two com- 
pression ratios it should be borne- in mind that a con- 
stant fuel quantity per cycle does not mean a constant 
mixture ratio, because the volume of air inducted per 
cycle depends on the valve overlap and the boost pres- 
sure. A charge that is excessively lean may not give 
as much power as a smaller charge of about the right 
proportion of fuel and air for maximum power. 

Boost pressure. — Figure 8 shows the comparative 
brake mean effective pressure and fuel consumption 
obtained when operating at compression ratios of 5.85 
and 7.0 with boost pressures varying from 0 to 6 inches 
of mercury. Increasing the compression ratio from 
5.85 to 7.0 resulted in a reduction of fuel consumption 
of 10 to 13 percent over this range of boost pressures 
and an increase in power of 8 percent at no boost pres- 
sure and 3 percent at 6 inches of mercury boost pres- 
sure. It might, be well to mention here that the uni- 
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Figure 8.— Effect of boost pressure on b.m.e.p. and fuel consumption, 
fuel: fuel injection; 130° valve overlap; 1,750 r.p.m. 



Safely 



versa! test engine, an engine of practically tin 1 same 
design, has been operated with no boost pressure at a 
compression ratio of 9.0 with this fuel. In the tests 
with the universal test engine an increase in maximum 
brake mean effective pressure of L2 pounds per square 
inch was obtained by increasing the compression ratio 
from 7.0 to 9.0, even though, to avoid detonation, the 
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spark was retarded 16 crankshaft degrees from the 
optimum spark setting at a compression ratio of 7.0. 

Speed. — Figure 9 shows the fuel consumption and 
the power obtained at speeds from 1,250 r.p.m. to 
2,200 r.p.m. The maximum brake mean effective 
pressure on this engine is obtained at speeds from 
1,700 to 1,900 r.p.m. and there is very little falling off 
in the brake mean effective pressure at speeds up to 
2,200 r.p.m. 

Table I is included for a convenient comparision of 
the power and economy obtained with gasoline and 
safety fuel and the friction mean effective pressure at 
each compression ratio for several speeds with normal 
valve timing. The values given in this table have been 
taken for the lowest fuel quantities per cycle at which 
the maximum brake mean effective pressure is ob- 




vSome time ago, when operating the universal test 
engine with another hydrogenated safety fuel, a large 
improvement in the economy was obtained by operat- 
ing at high coolant temperatures (reference 3). In 
those tests the fuel consumption was high at coolant 
temperatures of 150° F., whereas in the present tests 
the fuel consumption was normal. High coolant 
temperatures apparently result in unproved economy 
where the economy is poor at low temperatures, but 
increasing the coolant temperatures when the economy 
is already good results in no improvement. When 
operating with safety fuel, low coolant temperatures 
(150° F.) are to be preferred because high coolant 
temperatures impair the antiknock properties of the 
safety fuel. From the results obtained on the universal 
test engine with a different safety fuel it is believed 
that since this safety fuel can be used at 7.0 
compression ratio with coolant temperatures of 
250° F., it can be used at a compression ratio of 
N.f) with coolant temperatures of 150° F. 



IDLING AND STARTING 



idling of the engine with normal valve 
when operating with safety fuel is entirely 
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Fu,\ rk 0. M.m.e.p. and fuel consumption obtained for various engine speeds. 7.0 com 
pression ratio; safety fuel; fuel injection; normal valve timing; do boost pressure. 



tained. These tabulated results show that the brake 
mean effective pressure obtained with safety fuel is 
equal to that obtained with gasoline and that the fuel 
consumption obtained with safety fuel is only from 5 
to 10 percent higher than that with gasoline. As the 
calculated lowerheating value of the safety fuel of 
17,500 B.t.u. per pound is 7 to 8 percent lower than thai 
of gasoline, the thermal efficiency for the two fuels 
would be practically the same. It is believed that the 
fuel economy obtained with safety fuel as compared 
with that obtained with gasoline cannot be appreciably 
improved. 

Coolant temperature. — -The tests so far discussed 
were conducted at coolant temperatures of 150° F. 
Other tests made at coolant temperatures of 200, 250, 
and 280° F. showed that no improvement in the brake 
mean effective pressure or the fuel consumption could 
be obtained by operating at high coolant temperatures. 



The 
t iming 

satisfactory. When operating with a large* valve 
overlap the idling is poor with the usual throttle 
arrangement, because some of the exhaust gases 
flow into the intake manifold whenever the engine 
is throttled. The idling with a large valve overlap 
will be satisfactory if the throttle is placed close 
to the inlet valve so as to reduce to a minimum 
the volume between the throttle valve and the 
intake valves. The universal test engine oper- 
ating with a valve overlap of 112° would idle at 
an engine speed of 150 r.p.m. when the throttle* 
valve was dost* bo the intake valve. 

Starting with safety fuel was difficult when the 
engine was cold ; that is, when it had been standing 
overnight at a temperature of 50°-60° F. It has 
been started cold when motoring at 700 r.p.m. with a 
compression ratio of 5.85, but starting under these 
conditions is not satisfactory. In later tests satisfac- 
tory starting was obtained by injecting a small quan- 
tity of gasoline into the intake manifold while the 
engine was being motored at speeds as low as 120 
r.p.m. and while safety fuel was being injected into 
the cylinder. [mmediately alter the engine was 
started on gasoline it would continue to run on safety 
fuel. This method of starting requires only the addi- 
tion of a small gasoline tank, as the priming system is 
identical with the present priming system used on air- 
craft engines. On engines equipped with air starters 
the fuel might be mixed with the starting air just 
before it is inducted. Both of these methods would 
require the use of two fuels, but the supply of gasoline 
carried for starting would be very small. 
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The engine could be started on safety fuel if the 
intake air, the fuel, or both were heated. The curve 
in figure 10 shows approximately the minimum air 
temperature at which the engine will start with dif- 
ferent fuel temperatures. The engine would start 
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Figure 10.— M inimum fuel and air temperatures required for starting at a compres- 
sion ratio of 7.0 when motored al 350 r.p.m. 



consistently at a speed of 350 r.p.m. with air and fuel 
temperatures as shown in this figure. 

THE INJECTION SYSTEM 

In these tests the fuel consumption and the brake 
mean effective pressure were not critically sensitive to 
the timing of the start of the injection period, the dur- 
ation of the injection period, the injection 
pressure, or the valve-opening pressure. The 
effect of the timing of the start of the in jection 
period on the brake mean effective pressure is 
shown by the curve in figure LI. With the 
injection system used in these tests, the best 
results were obtained when the start of in jec- 
tion was from 70 to 90 crankshaft degrees after 
top center on the suction stroke. 

The curves in figures 12 and L3 show the 
characteristics of the injection system used. 
For these tests the pump setting gave a fuel quantity 
of approximately 0.00058 pound per cycle at an engine 
speed of 1,750 r.p.m. It will be noted from figure 7 
that this is the fuel quantity giving maximum power 
with a compression ratio of 7.0 and 2 inches of mer- 
cury boost pressure. Although the rate of injection 
shown in figure 12 gave the best performance of the 
several rates tried, it is believed that some deviation 
from these rates will not appreciably impair the per- 
formance. The length of the injection period increased 
from 74 to 93 crankshaft degrees with tin increase in 
pump speed from 750 to 1,100 r.p.m. In other tests 
on the same engine with the injection period varying 
from 150 to 200 crankshaft degrees the fuel consump- 
tion was higher and the power lower. An injection 



been tried on the universal test engine. The results 
of all these tests indicated that better economy and 
power could be obtained when the length of the injec 
tion period was from approximately 60 to 90 crankshaft 
degrees. 

All data submitted in this report w r ere obtained 
with a commercial fuel pump, an injection-valve open- 
ing pressure of 2,000 pounds per square inch, and 
injection pressures as shown in figure 13. A few tests, 
however, have been conducted with other fuel pumps 
and with gasoline as a fuel. In some of these tests a 
valve-opening pressure of SOO pounds per square inch 
and an injection pressure of 1,200 pounds per square 
inch were used. The results obtained with these low 
inject in 1 1 pressures were, for practically all conditions, 
equal to those obtained with high injection pressures. 
It is believed that an injection system operating with 
injection pressures as low as 500 pounds per square 
inch or lower would he satisfactory. 

MECHANICAL CONSIDERATIONS 

The use of a large valve overlap requires a consider- 
ation of several mechanical problems. The overlap 
must be sufficiently large to give the desired scavenging 
at sea level with a pressure difference across the valves 
of from 2 to 5 inches of mercury, but not so large that 
an appreciable amount of the air is wasted at moderate 
or high altitudes, when the pressure difference across 
the valves may be 10 to 15 inches of mercury. The 
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period of approximately 30 crankshaft degrees has 



10 30 50 70 90 "O 130 150 

start of injection, crank degrees after suction top center 

Figure 11.— Effect, of start of injection period on b.in.e.p. 

pressure difference across the valves on a supercharged 
engine increases with (he altitude of operation because 
the pressure al the intake is usually kept constant up 
to some definite altitude, whereas the atmospheric 
pressure at the exhaust decreases with altitude, 
ruder these conditions the importance of scavenging 
the clearance volume decreases with altitude. For 
instance, the gain obtained by scavenging the clearance 
volume of an engine at 18,000 feet is only 50 percent of 
that obtained at sea level because the reduced exhaust 
pressure permits more of the exhaust gas to escape. 

Exhaust back pressure. — A few tests were made to 
detez'inine the effect of reduced exhaust hack pressures 
on the volumetric efficiency and the power when oper- 
ating with a large valve overlap. The results of these 
tests showed that the air supplied to an engine oper- 
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ating with a valve overlap of 130 crankshaft degrees 
corresponds to volumetric efficiencies of 110, 117, and 
122 percent at engine speeds of 2,200, 1,800, and 
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FlOUBI 12.— Effect of pump speed on the length of the injection period and the 
rate of discharge. 12-millimeter plunger diameter; 0.125-inch tube diameter; 
32-inch tune length; 2,000 pounds per square inch valve-opening pressure. 

1,500 r.p.m., respectively, when operating with atmos- 
pheric pressure at the intake and a pressure 8 inches of 
mercury less than atmospheric at tin 4 exhaust. For 
these conditions the volumetric efficiency increased at 
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Figure 13.— Effect of pump speed on injection characteristics. 12-millimeter 
plunger diameter; 0.125-inch tuhe diameter; 32-incb tube length; 2,000 pounds 
per square inch valve-opening pressure. 

a greater rate than the power, indicating that a large 
amount of the fresh air escaped during the scavenging 
process. With the exhaust pressure from 3 to 5 
inches of mercury lower than the intake, the increase 
in volumetric efficiency was practically equal to the 



increase in power, indicating that very little of the 
fresh air was wasted. 

Some tests were also made to determine the effect of 
exhaust back pressure of 3K inches of mercury on the 
maximum brake mean effective pressure when operat- 
ing with a valve overlap of 130 crankshaft degrees 
and intake pressures varying from 0 to 10 inches of 
mercury boost. The results of these tests are shown 
in figure 14. Note that when the intake 1 pressure is 
7 inches of mercury and the exhaust pressure is in- 
creased from 0 to 3K inches of mercury the power de- 
creases 4 percent as compared to 20 percent when the 
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Boost pressure, in. of Hg 

Figure 14.— Effect of 3^ inches of mercury exhaust back pressure on the power 
with the boost pressure varying from 0 to 10 inches of mercury. 1,760 r.p.m.; 
7.0 compression ratio; safety fuel. 

intake pressure is 2 inches. It is very important that 
the intake pressure be greater than the exhaust pres- 
sure when operating with a valve overlap. If the 
exhaust back pressure is higher than the inlet pressure 
the gas flow may be reversed during part of the cycle, 
and exhaust gas may fill part of tin 4 displacement 
volume and induct ion pipes. 

Air and fuel control. When applying fuel injection 
to a spark-ignition engine for aircraft service the air 
throttle and fuel-quantity control should be intercon- 
nected so that the engine will receive air and fuel in 
the proper proportions over the entire range of loads 
and speeds. This problem may require the working 
out of a complicated linkage, particularly if an accu- 
rate proportioning of fuel and air is attempted. 
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Spark setting. — The maximum cylinder pressures 
were determined for the most severe operating condi- 
tion tried and are plotted in figure 15. With the 
spark at 30° before top center, the setting for maximum 
power, the maximum pressure recorded was 890 
pounds per square inch. This pressure could be re- 
duced to 800 pounds per square inch by setting the 
spark for 22° before top center — a reduction of 10 
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Figure 15.— Effect of spark advance on b.m.e.p. and maximum cylinder pressure. 
1,750 r.p.m.; 7.0 compression ratio; safety fuel; 10 inches of Hg boost pressure; 
3.5 inches of Hg back pressure. 

percent in maximum cylinder pressure with a sacrifice 
of 2% percent in brake mean effective pressure. 

CONCLUSIONS 

1. The hydrogen ated safety fuel manufactured pri- 
marily to eliminate fire hazard in aircraft gives a 
maximum brake mean effective pressure equal to that 
with gasoline when using the fuel-injection system, 
and the fuel consumption is from 5 to 10 percent 
higher. 

2. The high antiknock value of the hydrogenated 
safety fuel permits a higher compression ratio to be 



used than can be used with most gasolines without 
the addition of fuel dope, thus improving both the 
power and the economy. 

3. At present the hydrogenated safety fuel can be 
used to best advantage by employing fuel injection, 
and the use of fuel injection makes scavenging by the 
use of large valve overlap and moderate supercharging 
feasible. 

4. The results of the test with 130 crankshaft 
degrees overlap show that so long as the pressure 
difference between the intake and the exhaust is not 
greater than 5 inches of mercury practically no air is 
wasted in the scavenging process. 

5. Additional measures must be taken to insure 
starting when using safety fuel. Priming with gasoline 
is a simple and practical way of solving this problem. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., June 13, 1933. 

REFERENCES 

1. Sabatier, J.: Fire Prevention on Airplanes. Parts I and II. 

T. M. Nos. 536 and 537, N.A.C.A., 1929. 

2. Haslam, R. T., and Russell, R. P.: Hydrogenation of Pe- 

troleum. Indus. Eng. Chem., vol. XXII, pp. 1030-1050, 
October 1930. 

3. Schey, Oscar W., and Young, Alfred W.: Engine Performance 

with a Hydrogenated Safety Fuel. T.N. No. 466, N.A.C.A. 
1933. 

4. Schey, Oscar W., and Young, Alfred W.: The Use of Large 

Valve Overlap in Scavenging a Supercharged Spark- 
Ignition Engine Using Fuel Injection. T.N. No. 406, 
N.A.C.A., 1932. 

5. Gelalles, A. G., and Marsh, E. T.: Rates of Fuel Discharge as 

Affected by the Design of Fuel-Injection Systems for 
Internal-Combustion Engines. T.R. No. 433, N.A.C.A., 
1932. 



TABLE I 

ENGINE PERFORMANCE WITH GASOLINE AND HYDROGENATED SAFETY FUEL 

(Best Setting for Maximum Tower; Normal Valve Timing; No Boost) 





5.85 compression ratio 


7.0 compression ratio 




Engine 
speed, 
r.p.m. 


Carburetor with 


Fuel injection 




Fuel injection 




gasoline 


Gasoline 


Safety fuel 


f.m.e.p., 
lb./sq. In. 


Gasoline 


Safety fuel 


f.m.e.p., 
lb./sq. In. 




b.m.e.p., 
lb./sq.in. 


S.f.C.lb./ 
b.hp./hr. 


b.m.e.p., 
lb./sq.in. 


s.f.c.lb./ 
b.hp./hr. 


b.m.e.p., 
lb./sq.in. 


s.f.c.lb./ 
b.hp./hr. 




b.m.e.p.. 
lb./sq. in. 


s.f.c.lb./ 
b.hp./hr. 


b.m.e.p., 
lb./sq. in. 


s.f.c, lb./ 
b.hp./hr. 




1,250 
l,. r )0() 

1,750 

2, ooo 
2,200 


128 
129 

120 

129 
127 


0. 485 
.490 

.515 

490 
.490 


130 
132 

133 

132 
132 


0. 550 
.550 

.530 

.530 
.530 


131 

131 
f 135 
\ ' 132.5 

132 


0. 575 
.570 
. 595 
.550 
.560 


17.8 
21.7 
} 25.4 

28.9 
33.9 


139 
141 

142.5 

111 

139 


0. 485 
.500 

. 510 

.525 
.520 


140.5 
141.5 

145.5 

143.0 
142.5 


0. 535 
.535 

.540 

.550 
.550 


18. 1 
22.4 

26.5 

32.4 
37.4 

















i 2 percent less than maximum power. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 



Axis 


Force 
(parallel 
to axis) 
symbol 


Moment about axis 


Angle 


Velocities 


Designation 


Sym- 
bol 


Designation 


Sym- 
bol 


Positive 
direction 


Designa- 
tion 


Sym- 
bol 


Linear 
(compo- 
nent along 
axis) 


Angular 


Longitudinal. 
Lateral 


X 
Y 
Z 


X 
Y 
Z 


rolling 

pitching 

yawing 


L 
M 
N 


Y > Z 

Z > X 

X > Y 


roll. — - _ 
pitch 


e 
if 


u 

V 

10 


V 
Q 
r 


Normal 


yaw 









Absolute coefficients of moment 



a- 



L_ 
'qbS 



^ si _ 



M_ 
qcS 



Angle of set of control surface (relative to neu- 
N tral position), 5. (Indicate surface by proper 

subscript.) 



qbS 

4. PROPELLER SYMBOLS 



D, 

V 



Diameter. 
Geometric pitch. 
p/D, Pitch ratio. 
V, Inflow velocity. 

Slipstream velocity. 

Thrust, absolute coefficient G 



T, 



Q, Torque, absolute coefficient C Q 



T 

Q 



P, Power, absolute coefficient Op* 8 - 8 jy* 

&FpV s 

C B , Speed power coefficient = -vp^r 
7), Efficiency. 

n, Revolutions per second, r. p. s. 



1 hp. = 76.04 kg/m/s = 550 lb./ft./sec. 
1 kg/m/s = 0.01315 hp. 
1 mi./hr.= 0.44704 m/s 
1 m/s = 2.23693 mi./hr. 



<f>, Effective helix angle = tan" 1 (fe^) 

5. NUMERICAL RELATIONS 

1 lb. = 0.4535924277 kg. 
1 kg = 2.2046224 lb. 
1 mi. = 1609.35 m = 5280 ft. 
1 m = 3.2808333 ft. 



I 

I 

I 

I 



I 



I 



! 




